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XVORYH NDR L NULWLþQH VLOH VDPRJ , QRVDþD 'DWL VX ]DNOMXþFL R QMLKRYRM YH]L 8SRUHÿHQH VX
HNVSHULPHQWDOQR RGUHÿHQH JUDQLþQH QRVLYRVWL , QRVDþD VD YUHGQRVWLPD SUHPD (YURNRGX ]D
PRGHOHNRULãüHQHXRYRMDQDOL]L




7KHGHWHUPLQDWLRQ RI WKH HODVWLF FULWLFDO ORDG EXFNOLQJ ORDG LV DQ LPSRUWDQW HOHPHQW RI WKH
DVVHVVPHQW RI WKH XOWLPDWH ORDG RI SODWH JLUGHUV $Q DQDO\VLV RI WKH FULWLFDO ORDG RI D SODWH
FRUUHVSRQGLQJWRWKHZHERIDQ,JLUGHUIRUGLIIHUHQWERXQGDU\FRQGLWLRQVDQGWKHFULWLFDOORDG
RI WKH ,JLUGHU LWVHOI LV JLYHQ LQ WKH SDSHU &RQFOXVLRQV UHJDUGLQJ WKHLU FRUUHVSRQGHQFH DUH
JLYHQ$OVRH[SHULPHQWDOO\GHWHUPLQHGXOWLPDWH ORDGVRI ,JLUGHUVDUHFRPSDUHGZLWKYDOXHV
DFFRUGLQJWR(XURFRGHIRUWKHPRGHOVXVHGLQWKLVDQDO\VLV
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WKH XOWLPDWH ORDG LV RI D JUHDW LPSRUWDQFH 7KH UHVHDUFK ZRUNHUV LQ PDQ\ FRXQWULHV KDYH
LQYHVWLJDWHG WKHRUHWLFDOO\ DQG H[SHULPHQWDOO\ WKLV SUREOHP RYHU WKH ODVW ILIW\ \HDUV (YHQ DQ




HODVWLFFULWLFDO EXFNOLQJ ORDG >@ >@ >@9HU\VRRQ LWZDV IRXQG WKDWJHQHUDOO\ LWZDVQRW
SRVVLEOH $OVR DQDO\WLFDO SURFHGXUHV ZHUH QRW VXFFHVVIXOO\ DSSOLHG DV WKH SUREOHP LV YHU\
FRPSOH[ GHSHQGLQJ RQ PDQ\ LQWHUUHODWHG SDUDPHWHUV $V D FRUROODU\ D PDMRULW\ RI WKH
VXJJHVWHG VROXWLRQV ZHUH RI HPSLULFDO QDWXUH EDVHG RQ H[SHULPHQWDO UHVHDUFKHV 7KH
GHYHORSPHQW RI FRPSXWHU SURJUDPV EDVHG RQ WKH ILQLWH HOHPHQW )(PHWKRG DQG LQFUHDVHG
FDSDELOLWLHV RI FRPSXWHUV HQDEOHG WKH GHYHORSPHQW RI ³QXPHULFDO H[SHULPHQWV´ WKDW DUH
QRZDGD\VZLGHO\DSSOLHG
:LWK WKHGHYHORSPHQWRI(XURFRGHV IRU WKHGHVLJQRI FLYLOHQJLQHHULQJVWUXFWXUHVDQHZ
DSSURDFKZDV DSSOLHG WR KDUPRQL]H VROXWLRQV RI WKH SDWFK ORDG SUREOHPZLWK RWKHU VWDELOLW\
SUREOHPV7KHPDLQSRLQWVLQWKHGHWHUPLQDWLRQRI WKHXOWLPDWHSDWFKORDGDUHHODVWLFFULWLFDO
ORDG \LHOG ORDG DQG UHVLVWDQFH IXQFWLRQ7KH GHWHUPLQDWLRQ RI WKH HODVWLF FULWLFDO EXFNOLQJ














ZLWKDQHODVWLFFULWLFDO ORDGRIDQ ,JLUGHU0RUHRYHU WKHH[SHULPHQWDOO\GHWHUPLQHGXOWLPDWH
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VWHHO DQG LQ DQDO\VHV DQG GHVLJQV RI VWHHO VWUXFWXUHV DQG HOHPHQWV 7KH )( PHWKRG EDVHG
QXPHULFDO DQDO\VLV LV WKH PRVW SRSXODU FRPSXWDWLRQDO WRRO LQ WKLV ILHOG DQG LW KDV EHHQ
VXFFHVVIXOO\DSSOLHGLQPDQ\SDSHUVUHJDUGLQJWKHFULWLFDOORDGRISODWHJLUGHUVXQGHUGLIIHUHQW
ORDGLQJFRQGLWLRQV7KHFRPPHUFLDOPXOWLSXUSRVH)(DQDO\VLVVRIWZDUH$EDTXVZDVXVHGIRU
WKH QXPHULFDO DQDO\VLV >@ ,Q RUGHU WR JHW D EHWWHU LQVLJKW LQWR WKH SUREOHP JHRPHWU\ DQG
ORDGLQJ RI WKH JLUGHUV ZHUH FRQVLGHUHG DFFRUGLQJ WR WKRVH DSSOLHG LQ WKH DFFRPSDQ\LQJ
H[SHULPHQWDOUHVHDUFK>@
(/$67,&&5,7,&$//2$'
,QWURGXFWRU\ LWZDV VWDWHG WKDW WKH SXUSRVH RI WKLV SDSHU LV WKH FRPSDULVRQ RI WKH HODVWLF
FULWLFDOORDGVIRUDQLVRODWHGZHESODWHYDU\LQJERXQGDU\FRQGLWLRQVZLWKFULWLFDOORDGVRIDQ,
JLUGHU7KHWZRSODWHVVFKHPDWLFDOO\SUHVHQWHGLQ)LJXUHODEHOHGDVModel 1ZLWKDQDVSHFW
UDWLRahw  DQGModel 2ZLWKDQ DVSHFW UDWLRahw  a PPZHUH LQYHVWLJDWHG7KH
ZHESODWH WKLFNQHVVZDV tw PP7KH OHQJWKRI DQDSSOLHGXQLIRUP ORDGssZDVYDULHG7KH
GHJUHHRIIUHHGRPLVRQO\FRQVWUDLQHGLQWKHYHUWLFDOHGJHVZKLOHWKHGHJUHHRIIUHHGRPLV
FRQVWUDLQHGLQDOOHGJHV7KUHHGLIIHUHQWFDVHVZHUHDQDO\]HGDVLPSO\VXSSRUWHGSODWHZLWK
QR DGGLWLRQDO FRQVWUDLQWV E SODWH VLPSO\ VXSSRUWHG RQ WKH YHUWLFDO DQG FODPSHG RQ WKH
KRUL]RQWDO HGJHV GHJUHH RI IUHHGRP  LV FRQVWUDLQHG F SODWH FODPSHG DORQJ DOO HGJHV
GHJUHHRI IUHHGRP LVFRQVWUDLQHG LQ WKHYHUWLFDOHGJHVDQGWKHGHJUHHRI IUHHGRP LQ WKH
KRUL]RQWDO HGJHV )RU WKH VDNH RI EUHYLW\ WKURXJK WKH UHVW RI WKH SDSHU WKHVH FDVHVZLOO EH
PDUNHG DV 66 &6 DQG && UHVSHFWLYHO\ ,Q WKH VDPH YHLQ WKH WZR PRGHOV RI DQ ,±JLUGHU
DFFRUGLQJ WR WKH SUHYLRXVO\ GHVFULEHG0RGHO  DQG0RGHO  DUH GLVSOD\HG LQ)LJXUH 7KH
IODQJH ZLGWK DQG WKLFNQHVV ZDV VHW WR  PP DQG  PP UHVSHFWLYHO\ 7KH ERXQGDU\





Figure 1 – Plate under patch load: (a) Model 1; (b) Model 2 
)RUWKH)(DQDO\VLVDJHQHUDOSXUSRVHIRXUQRGHTXDGULODWHUDOVKHOOHOHPHQWZLWKUHGXFHG
LQWHJUDWLRQ DQG VL[ GHJUHHV RI IUHHGRP SHU QRGH 65 IURP WKH$EDTXV HOHPHQW OLEUDU\ZDV
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XVHG$FFRUGLQJWR WKHPHVKFRQYHUJHQFHVWXG\SHUIRUPHGRQO\RQ WKH LVRODWHGZHESODWHRI
0RGHOO WKHDGRSWHGILQLWHHOHPHQWVL]HLVPPIRUDOOQXPHULFDOUXQV7KHYDULDWLRQRI WKH
EXFNOLQJFRHIILFLHQWGXHWRFKDQJHRI ILQLWHHOHPHQWVL]HLQWKHFDVHRI0RGHO IRUDVLPSO\
VXSSRUWHG SODWH LV JUDSKLFDOO\ SUHVHQWHG LQ )LJXUH D7KH UHVXOWV RI WKH FDOFXODWHG HODVWLF
FULWLFDOORDGDUHSUHVHQWHGXVLQJ WKHQRQGLPHQVLRQDOEXFNOLQJFRHIILFLHQWkf DQGWDEXODWHG LQ
7DEOHDQGIRU0RGHODQG0RGHOUHVSHFWLYHO\&RQFOXVLYHO\LWPD\EHVWDWHGWKDWWKH\
VKRZ D JRRG DJUHHPHQW ZLWK WKH FRUUHVSRQGLQJ YDOXHV IRXQG LQ WKH OLWHUDWXUH >±@ 7KH
EXFNOLQJFRHIILFLHQWGHSHQGVRQERXQGDU\FRQGLWLRQVORDGLQJW\SHDQGDQDVSHFWUDWLRahw2Q













Figure 2 – Model 1 and Model 2 for I–girders 





Figure 4 – Buckling coefficient for the plate supported on the vertical edges and for the plate 
with point supports in the corners 
5(68/76$1'',6&866,21
7KH DLP RI WKLV FKDSWHU LV WR KLJKOLJKW WKH REWDLQHG QXPHULFDO UHVXOWV RI WKH EXFNOLQJ
FRHIILFLHQW FRQVLGHULQJ DQ LVRODWHG ZHE SODWH DQG ,±JLUGHU 7KH UHVXOWV IRU DOO GHVFULEHG
QXPHULFDO PRGHOV DUH OLVWHG DQG GLVFXVVHG WKRURXJKO\ )XUWKHUPRUH D QHZ PRGHO IRU WKH
GHWHUPLQDWLRQRIWKHEXFNOLQJFRHIILFLHQWVDVDIXQFWLRQRISDWFKORDGOHQJWKLVSUHVHQWHG7KH
SXUSRVHRIWKHSURSRVHGPRGHOLVWRLPSURYHWKHXOWLPDWHORDGFDOFXODWHGXVLQJWKHSURFHGXUH
JLYHQ LQ (XURFRGH $W WKH HQG RI WKLV VHFWLRQ GHWDLOHG FRQFOXVLRQV DUH JLYHQ DORQJ ZLWK
UHFRPPHQGDWLRQVIRUIXUWKHULQYHVWLJDWLRQV
7DEOH  DQG 7DEOH  VKRZV D FRPSDULVRQ VXPPDU\ RI WKH QXPHULFDO UHVXOWV DQG WKH
EXFNOLQJFRHIILFLHQWVREWDLQHGE\(XURFRGHZKLOHDJUDSKLFDOUHSUHVHQWDWLRQLVVKRZQLQ)LJXUH
 2QH FDQ LQVWDQWDQHRXVO\ VHH WKDW WKH 66 SODWH IRU ERWKPRGHOV DQG IRU DOO OHQJWKV RI DQ













,W LV QRWHZRUWK\ WR REVHUYH DQRWKHU LQWHUHVWLQJ SRLQW UHJDUGLQJ WKH FODPSHG ERXQGDU\
FRQGLWLRQV IRU ODUJHYDOXHVRIss ,W LVFOHDU IURP)LJXUH WKDWWKHULJLG WUDQVYHUVDO VWLIIHQHUV
VHH )LJXUH  LQIOXHQFH WKH EXFNOLQJ FRHIILFLHQWPRUH WKDQ FODPSHG FRQVWUDLQW ZKHUHDV IRU





IXUWKHU SDUDPHWULF VWXG\ VKRXOG EHPDGH LQ RUGHU WRPDNH DQ DLUWLJKW FRQFOXVLRQ DERXW WKLV
ERXQGDU\FRQGLWLRQDQGLWVLQIOXHQFHRQWKHEXFNOLQJFRHIILFLHQW




SS CS CC I–girder EC3 
0 0.00 0.00 3.20 6.78 8.00 8.61 8.00 
25 0.05 0.05 3.21 6.80 8.02 8.69 8.00 
50 0.10 0.10 3.23 6.85 8.10 8.85 8.00 
75 0.15 0.15 3.27 6.92 8.21 9.06 8.00 
100 0.20 0.20 3.32 7.02 8.35 9.32 8.00 
125 0.25 0.25 3.38 7.13 8.53 9.61 8.00 
150 0.30 0.30 3.46 7.27 8.74 9.96 8.00 
175 0.35 0.35 3.54 7.44 8.98 10.36 8.00 
200 0.40 0.40 3.64 7.62 9.26 10.81 8.00 
250 0.50 0.50 3.88 8.07 9.91 11.90 8.00 
300 0.60 0.60 4.18 8.62 10.70 13.27 8.00 
350 0.70 0.70 4.54 9.29 11.64 15.01 8.00 
400 0.80 0.80 4.97 10.10 12.73 17.37 8.00 
450 0.90 0.90 5.47 11.05 13.98 21.60 8.00 




$V D IXUWKHU FRPSDULVRQ EHWZHHQ WKH ,JLUGHU DQG&& SODWH WKH ILUVW EXFNOLQJPRGH IRU
0RGHOIRUWKHVHWZRFDVHVLVMX[WDSRVHG,WFDQEHVHHQLQ)LJXUHWKDWWKHEXFNOHGVKDSHIRU
0RGHOIRUDQLVRODWHGSODWHVXEMHFWHGWRSDWFKORDGOHQJWKss PPDQGWKHEXFNOHGVKDSH
RI DQ , JLUGHU VXEMHFWHG WR SDWFK ORDG OHQJWK ss  PP FRUUHVSRQG WR HDFK RWKHU ERWK
QXPHULFDOO\DQGJUDSKLFDOO\GXHWRWKHIDFWWKDWWKHIODQJHSODWHHQDEOHVVSUHDGLQJWKHORDGLQJ
OHQJWK LQWR WKHZHE7KHUHIRUHEDVHG RQ WKHVH UHVXOWV IRU WKH&&SODWHDQG ,±JLUGHUZHFDQ





OHVV DSSUR[LPDWHO\ DURXQGPP ,WPXVW EH HPSKDVL]HG WKDW WKH VKLIWHG OHQJWKV DUH QRW
HTXDOO\ GLVWULEXWHG IRU DOOSDWFK ORDG OHQJWKVDQG LQ RUGHU WR GUDZ D EHWWHU FRQFOXVLRQ DERXW
WKHLU LQIOXHQFH IXUWKHU DQDO\VHV FRQVLGHULQJ VPDOOHU SDWFK ORDG OHQJWKV UDWHV VKRXOG EH
SHUIRUPHG




SS CS CC I–girder EC3 
50 0.05 0.10 2.37 6.24 6.25 6.38 6.50 
100 0.10 0.20 2.40 6.36 6.37 6.61 6.50 
150 0.15 0.30 2.45 6.54 6.54 6.90 6.50 
200 0.20 0.40 2.51 6.77 6.77 7.23 6.50 
250 0.25 0.50 2.59 7.04 7.04 7.63 6.50 
300 0.30 0.60 2.68 7.35 7.35 8.08 6.50 
350 0.35 0.70 2.78 7.70 7.71 8.60 6.50 
400 0.40 0.80 2.90 8.08 8.09 9.20 6.50 
500 0.50 1.00 3.15 8.93 8.96 10.65 6.50 
600 0.60 1.20 3.44 9.86 9.94 12.56 6.50 
700 0.70 1.40 3.78 10.85 11.03 15.17 6.50 
800 0.80 1.60 4.16 11.92 12.24 19.00 6.50 
900 0.90 1.80 4.60 13.11 13.56 25.20 6.50 




Figure 6 – First buckled shape for Models 1: (a) I–girder; (b) isolated web plate  
$FFRUGLQJ WRRXUDQDO\VLV RI WKHEXFNOLQJFRHIILFLHQWV IRU WKH,±JLUGHUDFORVH ILWFDQEH





f s sk s sD E J   
ZKHUH
Į ȕ DQG Ȗ DUH XQNQRZQ FRQVWDQWV )RU WKHVH LQYHVWLJDWHG FDVHV RI WKH ,±JLUGHUV WKH
FRQVWDQWVDUHĮ Âȕ ÂȖ , Į Âȕ DQGȖ IRU0RGHODQG0RGHO
UHVSHFWLYHO\$JUDSKLFDOFRPSDULVRQRI WKHQXPHULFDOO\ REWDLQHGEXFNOLQJFRHIILFLHQWRI WKH
DQG,±JLUGHUDQGFRHIILFLHQWVDSSUR[LPDWHGE\WKHSURSRVHGH[SUHVVLRQVLVVKRZQLQ)LJXUH
2QH VKRXOG EHDU LQ PLQG WKDW WKHVH YDOXHV IRU WKH FRQVWDQWV DUH GHWHUPLQHG RQO\ IRU WKH





Figure 7 – Abaqus vs. proposed expressions for the kf values for: (a) Model 1; (b) Model 2 
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9DOXHV RI WKH H[SHULPHQWDOO\ REWDLQHG XOWLPDWH ORDGV DQG FRUUHVSRQGLQJ XOWLPDWH ORDGV
DFFRUGLQJWRWKHSURFHGXUHDSSOLHGLQ(XURFRGHZLWKkfJLYHQLQ(XURFRGHQRWGHSHQGHQWRQ
WKH ORDGLQJ OHQJWK ss DUH SLFWRULDOO\ FRPSDUHG LQ )LJXUH  1RWLFHDEO\ WKH XOWLPDWH ORDGV
FDOFXODWHGE\(XURFRGHDUHFRQVLGHUDEO\ORZHUWKDQWKHH[SHULPHQWDOO\REWDLQHGXOWLPDWHORDGV
DQGWKHGLIIHUHQFHLVPRUHSURQRXQFHGIRUKLJKHUSDWFKORDGOHQJWKV
,Q RUGHU WR LPSURYH WKH UHVXOWV IURP (XURFRGH ZH SURSRVH D QHZ PRGHO IRU WKH
GHWHUPLQDWLRQRIkf7KHPRGHOLQFOXGHVWKHFDOFXODWLRQRIWKHEXFNOLQJFRHIILFLHQWDVDIXQFWLRQ
RI SDWFK ORDG OHQJWK ZKLOH WKH SURFHGXUH IRU REWDLQLQJ WKH XOWLPDWH ORDG LV WKH VDPH DV LQ
(XURFRGH7KH QHZYDOXHV REWDLQHG E\ WKLV LPSURYHGPRGHO DUH DOVR SUHVHQWHG LQ)LJXUH 
2QH FDQ LPPHGLDWHO\ VHH WKDW EHWWHU YDOXHV DUH SURGXFHG E\ WKH SURSRVHGPRGHO $ VDOLHQW
IHDWXUHRI WKHVXJJHVWHGPRGHO LVD VLPSOHFRUUHFWLRQUHJDUGLQJRQO\ WKHEXFNOLQJFRHIILFLHQW






Figure 8 – Comparison of the ultimate load by different approaches  
,QDQXWVKHOO WKH SUHVHQWHGPRGHO HQDEOHG D IUXLWIXO EDFNJURXQG IRU SDUDPHWULF DQDO\VHV
DQG SURGXFLQJ DQ HUURQHRXV QXPEHU RI QXPHULFDO WHVWV WKDW FDQ EH XVHG LQ RUGHU WR EHWWHU
GHWHUPLQHWKHXOWLPDWHORDGVRISODWHJLUGHUVXVLQJWKHEXFNOLQJFRHIILFLHQWV)XUWKHUPRUHVLQFH
WKHXOWLPDWHORDGVDUHVWLOOWRRIDUEHORZWKHH[SHULPHQWDOO\REWDLQHGXOWLPDWHORDGVWKHSUHVHQW
PRGHO FDQ EH DOVR H[SORLWHG LQ RUGHU WR LPSURYH GLIIHUHQW HOHPHQWV FXUUHQWO\ SUHVHQW LQ WKH
GHVLJQSURFHGXUHLQ(XURFRGHi.e.WKHHIIHFWLYHORDGHGOHQJWK
5()(5(1&(6
>@ /DJHUTYLVW 2 3DWFK ORDGLQJ±5HVLVWDQFH RI VWHHO JLUGHUV VXEMHFWHG WR FRQFHQWUDWHG
IRUFHV 3K'7KHVLV'HSDUWPHQW RI&LYLO DQG0LQLQJ(QJLQHHULQJ'LYLVLRQ RI6WHHO
6WUXFWXUHV/XOHn8QLYHUVLW\RI7HFKQRORJ\'/XOHn
>@ *LUNPDQQ . 6WDELOLW\ RI WKH ZHEV RI SODWH JLUGHUV WDNLQJ DFFRXQW RI FRQFHQWUDWHG






>@ (XURFRGH (&'HVLJQRI VWHHO VWUXFWXUHV3DUW±*HQHUDOUXOHV±6XSSOHPHQWDU\
UXOHVIRUSODQDUSODWHGVWUXFWXUHVZLWKRXWWUDQVYHUVHORDGLQJ(1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